Atelectasis, hypoxemia and pneumonia are complications of pulmonary aspiration of oropharyngeal secretions or gastric contents. Consequently, numerous techniques have been designed to minimize aspiration around endotracheal tubes (ETTs). The modern high-volume, low-pressure ETT cuff has significantly decreased the incidence of aspiration. t-3 Similar benefits have accrued by using large diameter, thin-walled cuffs and carefully adjusting intracuff pressures.2'4'5 Despite improved endotracheal tube design, aspiration remains an important cause of perioperative pulmonary complications. 6"7 Intubated or not, up to 26 per cent of anaesthetized patients have clinically unrecognized regurgitation6.S,9 and the incidence of at least minor aspiration around cuffed endotracheal tubes may be as high as 56 per cent. 1, 4, [9] [10] [11] [12] [13] Two recent studies evaluated modified ventilation techniques to prevent aspiration. In a study of 22 children and infants, 2.5 cm H20 continuous positive airway pressure (CPAP) did not decrease the incidence of aspiration during mechanical ventilation. 12 However, a study on dogs revealed that the positive pressure effects of high frequency jet ventilation did in fact prevent aspiration by causing a nearly continuous flow of gas out through the larynx. 14 We designed a laboratory study to evaluate the efficacy of positive end-expiratory pressure (PEEP) in reducing the incidence of "aspiration" (seepage around ETTS) during mechanical (MV) and spontaneous ventilation (SV).
Methods
We studied two models, simulating adult and paediatric tracheas, using cuffed and uncuffed endotracheal tubes respectively. The models used transparent plastic trachea and a Bear "Cub" ventilator (Bourns, Riverside, CA).
The adult model used a 7.5 mm ID endotracheal tube with a high-volume, low-pressure cuff (Mallinckrodt, McGaw Park, IL) placed in the adult model trachea (Imatrach| Mallinckrodt; internal dimensions 1.7 x 2.0 cm). Normal tracheal secretions were simulated by coating the cuff with 0.3 cc water soluble surgical lubricating jelly (Surgilube| E. Fougera & Co., New York City). Following placement in the "trachea," intracuff pressure was increased to support a 2 cm column of water above the cuff without leaks (Figure 1 ). Methylene blue coloured the water column to facilitate observation. Distal to the "trachea," two one-liter inflatable anaesthesia breathing bags simulated lungs.
Using an aneroid manometer and the method of Cox, t s the cuff was slowly deflated to a previously determined minimal occlusion pressure of 8 cm H20. In pilot studies using mechanical ventilation without PEEP (peak inspiratory pressure = 20 cm H20), an occlusion pressure of 8cmH20 was associated with a 50 to 80 per cent "aspiration" (seepage) rate during a 30-minute observation period. That pressure was chosen since the associated aspiration rate was high enough to allow assessment of treatment effects. The same intracuff pressure was monitored continuously and maintained during each trial in the adult study.
In the adult model, trials with and without PEEP were conducted in random order during both MV and simulated SV, each with a respiratory rate of 12 cycles/min (Table I) . Spontaneous breathing was simulated by withdrawing the plunger of a "super syringe" (RNA Medical Corp. PUL-MARK-1, Wobum, MA) connected distally to the "trachea." Tidal volume was 500 cc and the peak inspiratory flow rate was 45 +-15 L'min -l.
Observation of each trial (adult and paediatfic) continued until either seepage occurred or 30 minutes had elapsed. In the adult study "minimal" seepage involved the presence of non-dripping blue solution localized to the distal cuff. "Moderate" leaks included slow dripping while "maximal" seepages were characterized by a rapid flow of fluid past the cuff.
In our paediatrie study, an 8 mm ID nasopharyngeai airway (Argyle, St. Louis, MO.) simulated the trachea. A 5.5 mm ID (7.5 mm OD) uncuffed paediatrie endotracheal tube (Mallinckrodt) was inserted 2 cm into the "trachea" without surgical lubricating jelly. A fabricated reservoir was filled, creating a 2 cm water column at the proximal end of the model trachea (Figure 2 ). The paediatric model endotracheal tube and "tracheal" sizes were chosen to provide a minimal air leak with a peak inspiratory pressure of 20 cm H20, simulating common clinical practice. Trials were conducted randomly with and without PEEP (Table II) . Mechanical and spontaneous respiratory rates were 20 cycles/min with a tidal volume of 125 cc. Presence of any coloured fluid at the distal end of the endotracheal tube was defined as seepage. Significant differences between mean seepage rates were sought using analysis of variance.
Results
In the adult model, seepage occurred during MV with PEEP in 3 of 20 (15 per cent) trials. Without PEEP, seepage occurred in 11 of 20 (55 per cent) trials (p < 0.05, Table I ). All incidents of seepage occurring with PEEP were "minimal," whereas 64 per cent of those leaks without PEEP were "moderate" or "maximal". Average elapsed time before seepage was 21 -+-12 rain for trials with PEEP and 7 -6.3 min for trials without PEEP (p < 0.05). During mechanical ventilation in the paedatric study, seepage occurred in all ten trials without PEEP, five of ten (50 per cent) with 2.5cmH20 PEEP, and none of the trials with 5 cm H20 PEEP. As PEEP level increased, time to seepage increased and the degree of leak decreased.
Simulated SV in the adult and paediatric models resulted in nearly 100 per cent rates of seepage regardless of use of PEEP. Peak negative proximal airway pressures on inspiration reached an average of -10 and -1 cm H20 for adult and paediatric models respectively.
Discussion
Undetected aspiration is a widespread phenomenon commonly resulting in delayed and non-specific pulmonary complications. I-3,7-9,11.12 The high morbidity and mortality rates associated with aspiration underscore the importance of prevention.6-s, t6 Yet numerous attempts to prevent seepage around endotracheal tubes have not been successful.
Our results demonstrate that PEEP may provide some protection against seepage during mechanical ventilation. Compared to trials without PEEP, seepage occurred less frequently, was reduced in amount, and delayed in onset. The positive airway pressure of PEEP appeared to act as a pneumatic valve which allowed outward escape of air but restricted fluid leaks in.
In the adult model, seepage occurred through longitudinal channels formed from invaginations of the cuff wall. Such folding can occur in highvolume, low-pressure cuffs regardless of proper inflation. 5 During the respiratory cycle, lowered intratracheal pressures promoted progressive fluid descent. Intermittently increased airway pressures during mechanical inspiration resulted in upward displacement of the channeled fluid. Additional intratracheal pressure from MV with PEEP further elevated the fluid column.
Our results support the observations by Pavlin t3 and Mehta 2 that negative pressures distal to the cuff during spontaneous ventilation intensify the aspiration problem. Pavlin reported that a higher cuff pressure was needed to prevent aspiration in a spontaneously breathing patient. Comparison of results of MV plus PEEP trials with those of SV plus PEEP reveals the importance of a continuously positive airway pressure. Our SV trials resulted in rates of seepage nine to ten times greater than trials with MV.
It is probably not meaningful to compare our in vitro seepage rates with those determined from in vivo investigations. Use of an artificial trachea, its vertical orientation, our reduced intracuff pressure, and the low viscosity of the indicator compared to saliva may all favour increased seepage in our model. However, the relative PEEP-associated reductions of seepage rates within the different studies can be considered. In this respect, our results differ from the findings of Browning and Graves 12 who demonstrated no benefit from positive pressure ventilation. However, our study does confirm their obvious finding that uncuffed endotracheal tubes bear a higher risk of aspiration compared to those with cuffs.
The use of PEEP, or better CPAP, to reduce 
